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SOLEIL The IR domain
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A Optical method in the IR range
i 006 L I-rgdlIdT htérdction :]ci(:l;[glz::IyIRradiation,
I Near, mid, IR:
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SULEIL FTIR spectroscopy
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A Absorption spectroscopy

Water H,0
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Absorbance
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SULEIL Derivation of the BBL law
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A Vibrational spectroscopy
A Probes vibrations of molecular bonds
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SOLEIL FTIR spectroscopy
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A Bond vibrations

A Different energy ranges probe different
vibration types:

i Near IR :0.8-2.5 ym or 12500 i 4000 cm: overtones of
fundamental vibrations . Low absorptivity, low sensitivity
long penetration pathlength.

I Mid IR: 2.5-25 pm or 40007 400 cm™: fundamental
vibrations and combinations. High molar absorptivities,
high sensitivity, low penetration.

25-1000 pm or 400-10 cm™: low-energy modes,
skeletal vibrations, phonons.
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A IR Active vibrations: permanent dipolar moment

Polar Molecules

A IR absorption is proportional to the stength of the

dipolar moment
Bond
dipole Bond w Bond
dipole dipole

Bond
dipole o
Molecular IR active
Not IR active dipole
(a) No net dipole moment (b) Net dipole moment

A Symmetric bonds/molecules are not active

I IR spectroscopyis linked to molecular symmetry y
I C-C and C=C are almostinactive




SOLEIL FTIR spectroscopy
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A Peak position depends on bond strength 1 K
I Atom masses and bond conformation @ = —2 -
I Single/double/triple bond L 12 \ H
I Isotopic labelling

=0 Ring
Unsaturated Aliphatic
c=C
_M c=N 4 05C _k
4000 3500 3000 25'\9vgvenumb%cr)'soo 1500 1000 500
Large maSS Tl’lp|e DOUbIe Slngle xﬁg;:hermoscientific.com/ftir
differences bonds bonds  bonds
N-HGH

A Peak width depends on the organisation/phase:
I Gaz: narrow peaks
I Conformational entropy
A Crystalline samples: narrow peaks
A Amorphous samples : large peaks
I Hydrogen- bonding increases peak width



SOLEIL Derivation of the peak position in the
harmonic aproximation
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Vibration frequency f

Displacement around the center of mass: x

< L

oW e

Force constant k

There is two ways of calculating £

- Solve the derivative of E, versus time which is
equal to zero since E, is conserved

- Or solve ma=-kx

Total Energy:
E.=1/2mv?

E,=1/2mv2+kx

F=—kx
F=ma
EO = EC+EP
Ep=kx
. IE,
Eqis conserved.g =0
ma = —kx
0%x
m—s+kx=0

at?

Solution of the differential equation:

x(t)=Acos(wt)

a: acceleration

Eo: total energy

E.: kinetic energy
E,: potential energy

with w the angular frequency: w=2nf with f the oscillation frequency

1k
f_Zﬂr,u,

K: force constant
M: reduced mass

MM,
=M, + M,
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FTIR: Interferometry

A An interferometer is used to separate wavelengths by

creating interferences in the IR beam

A Fourier Transform (FT) is the mathematical operation

used to retrieve the separate wavelengths

Fixedmirror Interferences
F
,\/ i :
Beamsplitter  «—» f\/
| H Movingmirror \"/\ - .

Tosampe

Interferograms ~ Singlebeam

A

Spectrum computation

Spectrum
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FTIR microspectroscopy
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Upper focusing mirror

Upper Aperture
size settings

Schwarzschild
“objective”

Sample stage
Interferometer

Schwarzschild
“condenser”

Lower Aperture
size settings

Detector

Lateral resolution ~A/2 Lower focusing mirror

FTIR microspectroscopy




SOLEIL The IR microscope
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Upper focusing mirror

A Used to measure small samples
A Focus the IR beam to a small spot
A

Use Semi-confocal or Confocal apertures to select the
measurement area

Upper Aperture
size settings

Schwarzschild
“objective”

A All reflective objectives

Sample stage
i 15X, 25X, 32X, 36Xé enough t SRS B B B B - W
T Casseg I’al n “condenser”
I Schwarzschild

Lower Aperture

size settings

A IR detectors:
I MCT narrow band 650-10,000 cm-1 LN, cooling
i MCT wide band 400-10000 cm-1 LN,cooling

Lower focusing mirror

A Motorized stage
I Computer controlled

A Accessories
i IR and/or visible polarization
I Fluorescenceimaging




SOLEIL FTIR microspectroscopy
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Schwarzschild Cassegrain

A IR objectives

I All reflective spherical objectives

A Avoid chromatic aberrations
over the whole spectral range

I Schwarzschild: focus to infinity
I Cassegrain: focus to a focal point

A Central obscuration
I Reduced throughput
I Reduced resolution
I Lower energy in the central lobe
I Higher energy in the lateral lobes

A Obijective magnifications
i 15X
i 25X, 30X, 32X, 36X, 40X
i N.A.0.5-0.8

A) B)

COLLIMATED LIGHT

HOLE Focal Length

|
i >
H
SECONDARY
MIRROR
i

APERTURE e 160 mm Back
i
]
i
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A Measurement modes

A) Transmission-mode

IR slide with .

tissue section

[lluminating I I
objective

C)micro ATR mode

Micro ATR

Sample
ATR prism Base plate

: " Pressure sensor

Stage

FTIR microspectroscopy

B) Reflection-mode

Collecting/ )
illuminating g
objective 1t

Objective ™
not used

D) Inversed micro ATRmode

IR source
to detector
IR source
to detector

eeeeeeee

EE]
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8
3
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SOLEIL FTIR microspectroscopy
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A Spatial resolution

Airy Disks and Diffraction Pattern Intensity Profiles

Resolved Raylelah
.—Resolu on
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Point Strread 2 75 (c) The distance between two point
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» The two points are separated.
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Figure 1 /R AU —

A Limited by:
I Wavelength and diffraction limit: 2.5-25 um in the mid-IR

I Signal to noise ratio: source brilliance (nb of photon/unitangle)

I Optical system (confocal arrangement; objective type, numerical
aperture and obscuration ratio, alignment quality, measurement
modeé)

I Sample (refractive index, thickness, geometry, chemical
contrast é)



SOLEIL FTIR microspectroscopy
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A Theoretical diffraction limit; given by Abbe equation:

U O

R:resolvingpower

1dx AOAT AMICOE

A Actual resolution will be worst due to; NA: objectivéNumerical
Aperture, NA=sIn(' )

I Diffraction from sample/optics

I Objective obscuration ratio
i Alignment TypicalNA for IR objectives:
gy : 15X objective: ~0.5

I In reflection mode 30X objective : ~0.6



SOLEIL FTIR microspectroscopy
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Upper focusing mirror

Upper Aperture
size settings

Schwarzschild

J “objective”

______ Sample stage

Schwarzschild
“condenser’

Lateral resolution ~A/2 Lovwer focusing mirror

Spatiakesolutionlimit:
diffraction

Diffraction pattern by a single Diffraction patternin a
pinhole confocal system

Laterakesolution ~—</2



Confocal and Widefield Fluorescence Microscopy

SYNCHROTRON
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3 Non-confocal
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SWOLEIL Importance of spatial resolution:
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accuracy of the chemical information

GH/N-Hpeakratiofrom the sameparticleareinversedoetweena highly
resolvedconfocal instrument and an neconfocaimagingsystem

Q
Confocal 32X/0.65 6x6um? Q%' >
qu.‘\ B FPA 15x/0.65 5.5x5.5 ym* & \b(f
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Spectraof themedullaof thesameskin

Spectral images andapsof the samehairmedulla stratumcorneumlayermeasuredwith

A. Confocal microscopwith synchrotron source either:

B. Low magnificatiommagingsystem (15x) - A confocal microscopeith synchrotron
C. High magnificatiommagingsystem (62x) source at 6x6 pmeéesolution

- A nonconfocal IR microscopeith FPA

Sandtet al. Journal Spectral Imaging 2020 detector at 5x5 “mbrOJeCtedplxel Size
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Signal versus confocal aperture size
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A Synchrotron source advantages

SYNEGRRODRONSOURCE

Thermal
SOURCE

SPATIAL RESOLUTION
DIFFRACTION LIMITED
3-15 pm RESONUTION
CONEOGAL

SPECTRALRANG BROADBA%[%emicaI

50-10000-ent _
mapping
SPATIAL RESOLUTION

of single
25-50 pm é‘fll
LIMITED BY THE SOURCE BRILLIANCE LipidCH ’S
SPECTRAL RANGE rotencOnH w
400-7500 cm'! Lipidesters C=
Nucleicacid oné




SOLEIL Synchrotron brilliance/brightness
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Ry s IRis generallycollectedwith a
slottedmirror fromabending
magnetsource:

electron
trajectory

2 types of radiation:’
-Edge radiation

- Bendingradiation

Light map at| =500nm

Polarization
Edge radiationcircular
Bendingradiation: straight




SOULEIL Synchrotron FTIR microspectroscopy
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A Why use synchrotron source ?
I Brilliance: Flux | Brilliance

10" 4

N 100
Black body thermal i

source ¢lobar) i
SOLEIL SynChI‘OtI‘Oﬁ°

— Black

lack Body Flux ® 1500
— SMIS Flux for 00 mA (78x20 mrad2 opening angles)

A syncm"m — gth ( microns) S w length ( in microns)
sl 7 -
ElJ ’
E o Effectof the microscope aperture size on IR signal inrthd IR
' o globar

) DT ; T T T T T
0 10 20 30 40 50 60 70
Aperture size (um)

I Spectral range: far-IR/ THz to near-IR
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A Why use synchrotron
source ?

I To get relevant
Information on sample
composition

FTIR microspectrocopy

QUALITATIVE ANALYSIS
T NATURE OF MOLECULAR BONDS
T FINGEPRINTING: SPECTRAL IDENTIFICATION IN DATABASES

STRUCTURALANALYSIS
T SENSITIVE TO BOND CONFORMATION

i SENSITIVE TO BOND ENVIRONMENT (STERIC HINDRANCE,
CONJUGATI ON, HYDROGEN BONDI NGé)

T SENSITIVE TO BOND ORIENTATION
i SENSITIVE TO ORDER (CRYSTALLI NE

QUANTITATIVE ANALYSIS
i BEER LAMBERT BOUGUER LAW: A=ac|
I RELATIVE CONCENTRATIONS: SEMI-QUANTITATIVE ANALYSIS
I REGRESSION MODELS FOR COMPLEX MIXTURES

ELECTRONENERGY LEVELS
T DENSITY OF STATES
I FREE ELECTRON CARRIERS
I BAND STRUCTURE

SAMPLE EVOLUTION
i NON DESTRUCTIVE
i REACTION KINETICS

I EFFECT OF TEMPERATURE, STRETCHING, PRESSION,
| RRADI ATl ONé

I MATERIAL AGING
I COUPLING WITH OTHER TECHNIQUES



SULEIL Spatial information
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Chemicamapsof hairfiberswith medulla

s AL
i ¥

Al

.

V Analysis of microparticles (1-100 um) l..
and fibers EI..
V Differentiating mixtures, particles in ...

matrices, multilayered samples

V Combination of the chemical and
spatial information:
chemical maps and images

Livercirrhosistissue
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ALBA
ALS
AustralianSync
BESSY
DIAMOND
DA NE
ELETTRA
ESRF
MAX IV
NSLS 10
SESAME
SLRI

SOLEIL
SPRING

HFTIR @ synchrotron beamlines :"

N

MIRAS
BL1.4,BL2.4
IR microspectroscopy
IRIS

MIRIAM
SINBAD IR
SISSI

ID21

??

FIS

EMIRA
BL4.1IR

SMIS
BL43IR



SOLEIL Samples and sample environments

SYNCHROTRON

A Thin samples:
i Thin Films, Thin layers
I Microtomed sections (1-25 pm)
I Monocrystals
i Particles, fibers
I Thin powders: !! scattering, flattened powder grains
i Cell cultures

A Sample environment

I On transparent windows (BaF,, C, CaF,, Si, SisN,, ZnS, ZnSeé )

A Different properties, transmission ranges, surface properties, refractive
indices, toxicityé

Reflective surfaces: gold, copper, low-e gl as s, | TOé
Transmission cells (temperature, atmospheric control, chemical reaction)
Microfluidic devices (for liquid samples and hydrated living cells)
Diamond compression cell (flattening samples)

Diamond Anvil Cells (DAC): high pressure



SOLEIL IR transparent materials
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WAVELENGTH RANGE FOR IR MATERIALS - MICRONS & CM*
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CaF
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SOLEIL Samples and sample environments
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DiamondAnvilCells Stretching stagevith temp control (350C)
for measurementst high pressures

27:06/2009

Microfluidicdevice
with temperaturecontrol (37°C)
Diamond Compressioi€ells  Livingbiologicakells
sampleflattening

Temperaturecontrolledstage
-180-600°C
And atmosphericcontrol

-

i
5 - Yt -
‘:J o N
Diamond EX’Press II
S.T.JAPAN
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Applications
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THE QUEST FOR METALLIC
HYDROGEN

A Wigner and Hungtinton predicted metal hydrogen using
guantum mechanicsin 1935

A Properties of metallic H,
I Superconductor at ambient temperature
I Possibly metastable

I Highly energetic rocket propellant: 1700 seconds specific
impulse (theory)

A Demonstration
Gazeous hydrogen is fully IR transparent
Metallic hydrogen is opaque

i

|

I Need to observe progressive closure of the gapinthelR
I Use of Diamond Anvil Cells,

Dias etSilvera
Science 2017

A'A P

\\\WQ
21N

N g
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soieidie B THE QUEST FOR METALLIC
HYDROGEN

A Instrumental developments:
I SMIS: development of a specific horizontal microscope
A 47 mm working distance, 22 pm FWHM IR spot,
A Transmissiondown to 2-3 um holes
I CEA:
A Development of new toroidal DAC for up to 600 GPa
A Metallisation of the joint to avoid H diffusion




Transmitted IR Intensity (a.u.)
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A Multiscalecharacterizatiorof multilayerdhistoricalpaintings

A Layerss 10pum
A Non destructive

A Identification of pigments, binders, supporaterial
A Characterizationf materialaginganddegradatiorpathways

Beltran etal.
2021
AngewandteChemie

Identification of pigment in Van Gogh

Y o U' Universiteit
e Antwerpen

museum

L'Arlésienne :
Portraitde madame |,
Ginoux ‘
Van Gogh, 1888
KrollerMiller Museu
Netherland

T e O-PTIR

"fi/ 1351
1744 1605 1049

Y

T T T 1
1600 1200 800
Wavenum ber (cm=1)

GL
Geranium lake
reference

o 1501 1520 1667-1614 1427 1368 1435-1502 176&1719

|dentification ofgeraniumlake
by OPTIR

1411

=1550 4“
‘559 LW+ CaCO3 +DO
1512 Proteln

1585 |457 1250
1299' e 1043 Epox¥

Drying oil 1510
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SOLEIL Ryugu Asteroid sample return mission
Hayabusa 2

aHAYABUSAZ
®-a.
R A

;‘q,.
. A

Hayabusa2 orbit

1999 JU3 orbit

Arrival at
1999 JU3
(July 2018)

Earth swing-by
(Dec. 2015)
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Powderspectroscopy
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Ryuguhas formed in the far outer syster
after 2 My and then migrated closer to
the sun

Rich in silicates and carbonates

3 My at 50C: aqueous alterations
Traces of bivine, pyroxene, amorphous
silicates, calcite, and phosphide

T. Nakamura et [215], Science 2022 DOI: 10.1126/science.abn8671.
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Beyond the diffraction limit
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Nano IR
sSNOM, AFM-IR

Resonance Enhanced AFM-IR and Tapping AFM-IR

10-50 nm

Partoucheet al.
Singleamyloidfibril
J.Microscopy2019

Overcoming the diffraction limit in the

O-PTIR
Optical photothermal

mid-IR

Klementieva et al.
Single naneamyloidaggregates
AdvSciences 2021

4nm amyloid fibre
1620 cm™

protein CONH beta-sheet

Passoet al.
SRFTIR of Singleacteria
Analyst2015

.I MOleCUle
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SULEIL Optical PhotoThermal IR (OPTIR)

SYNCHROTRON

Isible (probe)

/IR pump)

Freitasetal 2021

Gustavssoetal 2023



